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The effect of substrate temperature on the structural and electrical properties, phase composition, and surface morphology of tin disulfide thin (SnS 2 ) films obtained by the close-spaced vacuum sublimation (CSS) method was studied.
Scanning electrical microscope (SEM) images of the samples showed that all of the films were polycrystalline with an average grain size of 0.7e1.2 mm. The average thickness of the thin films was 1 mm.
Energy dispersive spectroscopy (EDS) analysis showed that all layers had close to stoichiometric atomic composition. Namely, the concentrations of tin and sulfur were 35 and 65% respectively. X-ray diffraction (XRD) study indicated that the samples obtained at 473e723 K mostly contained hexagonal phase SnS 2 with high texture along the (002) crystallographic plane. The values of the lattice constants (a and c) of SnS 2 thin films increase monotonically with substrate temperature from 0.3637 to 0.3647 nm and from 0.5703 to 0.5743 nm, respectively.
Investigation of the SnS 2 films by Raman spectroscopy confirmed the results of XRD studies, namely that the layers have single-phase hexagonal structure of 2H polytype.
Studies of the electrical properties of SnS 2 thin films showed that the conductivity of the films changed from 1.8 Â 10
À4 to 10 À7 (Om,cm)
À1
. Analysis of the IeV characteristics in the space-charge limited current (SCLC) mode made it possible to define (E t1 ¼ (0.52e0.55), E t2 ¼ (0.46e0. 49 ), E t3 ¼ (0.43e0. 45) , and E t4 ¼ (0.35e0.39) eV), the localized states energy depths in the band gap of the SnS 2 thin films. The concentration of these localized states exceeds 1.31 Â 10 14 сm
À3
. Also, from the measurements of temperature dependent conductivity, several localized states with activation energies of 0.25 and 0.26 eV states were determined.
© 2016 Elsevier B.V. All rights reserved.
Introduction
Recently, the interest of researchers in materials with a 2D crystal structure, such as MoS 2 , WS 2 , SnS 2 , and so on, has increased significantly [1e3] . Unique electrical properties of these compounds are associated with the layered structure and specific properties of the surface; namely, crystals of transition metal dichalcogenides consist of stacked layers that interact via weak van der Waals forces, while intralayer bonding is primarily due to the strong covalent bonding between the atoms. This allows the formation of stable thin crystals with thickness down to a few atomic layers. These properties make such materials promising for the creation of devices for energy storage, light emission, electron emission, catalysis, and sensors [4e8].
SnS 2 has a CdI 2 -like crystal structure that consists of densely packed atomic layers of tin placed between two layers of sulfur. This compound can exist in the form of several polytypes [9, 10] . The band gap of SnS 2 changes in the range of 2.12e2.44 eV depending on the method of obtaining material and their polytype [7,8,11e13] . SnS 2 has n-type conductivity, a high optical absorption coefficient > 10 4 cm À1 [14, 15] , and relatively high charge carrier mobility of 18.3e230 cm 2 /V,s [7, 8, 16, 17] . These properties make it promising for use in thin film solar cells. In particular, SnS 2 is considered to be an alternative material to a conventional CdS window layer [8, 13] . The advantages of SnS 2 are that it is non-toxic and its constituent elements (Sn and S) are cheap and Earthabundant. Tin disulfide thin films can be obtained using the following methods: ionic layer adsorption and reaction (SILAR) [18] , spray pyrolysis [14,19e21] , thermal vacuum evaporation [13, 22] , plasma-enhanced chemical vapour deposition (PECVD) [15] , and dip coating [23] . Each of the methods of obtaining SnS 2 thin films has its advantages and disadvantages. For example, the spray pyrolysis method allows one to obtain a low-cost thin layer of semiconductor. However, thin film obtained by this method has low crystal quality, which could be improved by post-growth annealing of material in toxic H 2 S gas [23, 24] . The CSS method for deposition of SnS 2 thin films was used only in [25] . This method is also widely used for obtaining high quality thin films of binary semiconductors [26e28] . However, the possibility of deposition of single-phase SnS 2 films by the CSS method without the application of post-growth treatment has not been studied carefully.
SnS 2 films often include secondary phases of Sn 2 S 3 or SnS, which may significantly affect the structural, optical, and electrical properties of the material [29, 30] . One of the most effective methods of phase analysis of Sn x S y compounds is Raman spectroscopy [31, 32] . This method is mostly used together with XRD and allows one not only to study phase composition but also to identify polytypes in the samples [29, 33] .
The structural, optical, and electrical properties of SnS 2 bulk crystals have been studied quite well [6e8,34e38]. On the other hand, the physical properties of the SnS 2 films and their dependence on the growth conditions are still insufficiently studied.
In order to create SnS 2 -based high-performance devices, it is necessary to control electrically active defects in the material. But the currently available results on the electrical properties of SnS 2 crystals and films do not provide an overall picture regarding the parameters and nature of charged donor (acceptor) defects and trap centres. In particular, in works [39e41] only values of activation energies are given without any detailed discussion of their origin. This could be explained by the fact that, in contrast to SnS [42, 43] , the theoretical calculation of the formation and ionization energies has still not been performed. This paper presents the results of a comprehensive study of the influence of substrate temperature on the structural and electrical properties and phase composition of SnS 2 thin films obtained by the CSS method. Also, the parameters of localized states (LSs) in the band-gap of SnS 2 thin films were determined from analysis of the currentevoltage characteristic and temperature-dependent conductivity measurements.
Experimental
SnS 2 thin films were obtained in a VUP-5M vacuum chamber by the CSS method. The pressure of residual gases in the chamber was no more than 5 Â 10 À3 Pa. A detailed description and scheme of the device for obtaining the thin films are available in [28] . Samples were deposited on ultrasonically cleaned Mo (500 nm thick) coated glass substrates. The stoichiometric powder of SnS 2 was used as an initial material for evaporation. The temperature of the evaporator was T e ¼ 948 K. The substrate temperature (T s ) varied in the range of 473e723 K. The duration of deposition was 4 min.
The surface morphology and chemical composition of the thin films was investigated using an FEI Nova NanoSEM 650 Schottky field emission scanning electron microscope (SEM) with an integrated Apollo X energy dispersive spectroscope (EDS) for the chemical composition analysis using standardless energy techniques. The following parameters were used in the EDS experiment: an accelerating voltage of 15 kV, a detector resolution of 125.4 eV, a working distance of 7 mm, and a spot size of 5.5. The calculation of the concentrations was determined by averaging of results for at least 10 measurements from different points on the surface. The thickness was measured by SEM directly from the cross-section of the samples.
In order to study the microstructure of the surface and to estimate its roughness, an NT-MDT atomic force microscope (AFM) was used.
The study of the structural properties and phase composition of the tin disulfide thin film was carried out with the help of a DRON-4-07 diffractometer using CuK a radiation and Bragg-Brentano configuration. The range of the 2q angle varied from 10 to 80 . Identification of the crystal phases was performed with the Crystallography Open Database (COD).
The average size of the coherent scattering domain (СSD) was determined by physical broadening of the diffraction lines using the Scherrer equation [44] .
where k is a coefficient that depends on the grain size (k ¼ 0.9), and b is the physical broadening of corresponding X-ray lines.
The texture quality of the SnS 2 thin films was estimated by the Harris method [44] . The pole density was calculated by using the expression given in [26] .
where I i and I 0i are the total intensities of diffraction peaks from the film and reference, respectively, and N is the number of lines present in the X-ray diffraction pattern.
After that, the dependencies of P i on (hkl) and P i on 4 were plotted, where 4 is the angle between the axis of the texture and the direction perpendicular to the corresponding (hkl) crystallographic plane. The orientation factor was calculated using the equation presented in [26] .
The NelsoneRiley method was used for calculation of the (a, c) lattice constants of the SnS 2 films [44] . This method allows one to obtain the lattice constant of the material to an accuracy of 0.001%.
Raman spectra were measured by using Renishaw's InVia 90V727 Raman spectrometer at room temperature. An Ar ion laser with a wavelength of 514 nm was used as the excitation source. The diameter of the laser spot was 0.7 mm, the power density of the laser beam was 6.78 W/cm 2 , and the accumulation time was 20 s.
Measurements of the electrical properties of SnS 2 thin films were performed using Sn/SnS 2 /Mo sandwich structures. The electron affinity c SnS2 of SnS 2 is 4.2 eV [45] . Such a high value complicates the selection of a suitable metal for the formation of ohmic contact with n-SnS 2 , because in order to obtain ohmic contact with SnS 2 , the work function of the contact material should be less than c SnS2 . It is well known that the effect of the metalesemiconductor barrier on IeV measurements could be effectively avoided by doping of the semiconductor, because in this case, the width of the depletion region drops and the charge carriers can tunnel through the depletion region [46] . For this purpose, in order to provide diffusion of Sn into the sample and hence doping of SnS 2 at the surface, the Sn contacts were deposited on as-grown samples using the thermal vacuum evaporation technique at a substrate temperature of 353 K. Taking into account the diffusion of metal atoms into SnS 2 as a result of contact, the application of Sn is more favourable, because, in contrast to any other metals, Sn forms only native point defects in SnS 2 and hence allows the presence of foreign impurities to be avoided.
Mo-coated glass is a commercially available metal-coated substrate that is widely used as a back contact for CdTe, CuInGaSe, and CuZnSnS(Se) 2 solar cells [47, 48] . The high melting temperature of 2896 K makes Mo ideal for temperature-conductivity measurements at high temperatures because, in this case, the low rate of interdiffusion between metal coating and substrate could be expected. The main aim of making electrical measurements of the films was to study the trap centres by the injection spectroscopy method. This method requires measurements made under a relatively high voltage. Therefore the substrate material should provide good adhesion with the sample. We used Mo as a back contact for CdTe, ZnTe, and ZnS polycrystalline thin films in our previous studies [49, 50] . Mo substrates demonstrate good adhesion with thin films of these materials. This allows us to obtain reliable results of injection spectroscopy and temperature-conductivity measurements. The work of function of Mo is 4.53 eV, which may lead to the formation of a Schottky barrier with SnS 2 . However, this barrier could be reduced due to the presence of defect states, which is typical for highly disordered polycrystalline material. Also the effect of the Schottky barrier on the transport of free carriers under a high bias voltage could be insufficient due to tunnelling [46] .
IeV curves were measured under a direct bias voltage varied with a step of 0.05 V. The current passing through the sample was evaluated by a Tektronix DMM 4020 multimeter. The temperaturedependent conductivity was studied in the temperature range of 298e423 K.
The charge transport mechanism was defined by the differential method developed in [51e54]. It allowed us to establish that the current flow mechanism corresponds to the space-charge limited current (SCLC) mode. Furthermore, the injection spectroscopy (IS) method was used for processing of IeV characteristics. The main equations of the IS method are presented in [52, 55] and given below:
where j is the density current passing through the sample, and V ; where е is the electron charge, m is the drift carrier mobility, L is the thickness of the sample, ε0 is the dielectric constant, ε is the permittivity of the material, n s is the concentration of the trapped carriers in the thin film, r is the space charge density in the material that limits through the sample current, and n f is the concentration of free carriers injected into the films. Using the well-known relation between the concentration of free carriers and the Fermi level energy n f ¼ exp((E F e E c )/kT) and setting E c ¼ 0, it is easy to determine the energy scale of the LS from Eq. (4):
where E F is the position of the quasi-Fermi level for injection, k is the Boltzmann constant, T is the temperature, and N c(y) is the free effective density of states in the conduction (valence) band. The distribution function of carriers localized at deep centres could be obtained by differentiation of Eq. (5) for the energy:
The distribution function of LS density for the energy h(E) ¼ dN t / dE as a low-temperature approximation is thought to coincide with the distribution function of localized carriers. However, this leads to some errors in the reproduction of trap distributions as well as in the determination their depth energy (E t ) and concentration (N t ) [52, 55] .
The joint solution of Eqs. (6) and (7) allows us to find the h(E) distribution function in the band gap of material directly from the experimental SCLC IeV curves. For this purpose it is necessary to define three derivatives at each point of the IeV curve on a logelog scale. Mathematically, this task is reduced to an approximation of the experimental data by a cubic smoothing spline and its differentiation.
In order to determine the parameters of LSs in SnS 2 thin films, the low-temperature approximation of the IS method was used. At the same time, the correction of errors that arise during processing of IeV curves was carried out with the help of simplified expressions proposed by Nespurek and Manfredotti [54, 56] . For the calculation of the energy levels of traps in the band gap and their concentration, the method proposed in [52, 55] was used. For the calculation, the dielectric constant of the SnS 2 thin films was assumed to be 6.19 F/m, the charge carrier mobility 51.5 cm 2 /V,s, and the effective density of states in the conduction band 7.32 Â 10 24 m À3 [57] . The spin degeneracy factor of all traps was considered to be equal to 1. The thickness of the layers was determined by SEM directly from the cross-section. The typical cross-section of tin disulfide thin films is shown in Fig. 1(d) . It was determined that the average thickness of the SnS 2 thin films was 1 mm.
Results and discussion
The influence of the substrate temperature on the chemical composition of the films was studied by EDS.
It was established that the composition of all investigated films was close to stoichiometric (35 ± 5 and 65 ± 5 at% for Sn and S, respectively). These results are in good correlation with the data given in [14, 19, 23] for films obtained by spray pyrolysis and dip coating. However, our thin films are more stoichiometric than SnS 2 layers deposited by thermal vacuum evaporation in [13] . It should be noted that scanning of the film surface by EDS reveals their uniform chemical composition. Also, no impurities or inclusions were detected. The results of AFM study are presented in Fig. 2 . As follows from Fig. 2 , the thickness of the platelet-shaped grains decreases from bottom to top in the direction perpendicular to the surface (i.e. perpendicular to the growth front). Thus the AFM scan makes it possible to determine that the platelet-like grains' crystallites have a cone-shaped structure. The length of grains of about 0.7 mm for the sample obtained at 673 K (Fig. 2(b) ) was slightly less than the length of grains of about 1.5 mm for the samples obtained at 573 K (Fig. 2(a) ) and 723 K (Fig. 2(c) ). The thickness of grains increased slightly with substrate temperature from 0.2 mm for the sample obtained at 573 K (Fig. 2(a) ) to 0.5 mm for the sample obtained at 723 K (Fig. 2(c) ). The AFM profiles show high roughness of the samples of about 0.4 mm.
The XRD patterns of the powder and SnS 2 films deposited at different substrate temperatures are shown in Fig. 3 . It was found that the detected peaks corresponded to reflections from the (001), (100), (002), (011), (003), (110), (111), and (004) crystallographic planes of hexagonal phases of the SnS 2 , the (103), (202), (011), and (305) crystallographic planes of the orthorhombic phase of Sn 2 S 3 , and the (101) and (211) crystallographic planes of the cubic phases of molybdenum (Mo). The positions of these peaks are in good correlation with the COD database for SnS 2 , Sn 2 S 3 , and Mo (card nos. 96-900-0614, 96-901-1237, and 96-900-8544, respectively). Reflections from the crystallographic planes (001), (100), and (002) of the hexagonal phase of SnS 2 had the strongest intensity, while the intensity of Sn 2 S 3 -related peaks was very weak. Thus, we conclude that films obtained in the temperature range of 473e723 K contain mostly hexagonal phase SnS 2 with a small amount (<3e5%) of Sn 2 S 3 phase.
Calculations by the inverse pole figures method reveals the [002] growth texture in the SnS 2 films. The direction of growth texture coincides with the growth direction of most crystallites. Such growth texture is typical for SnS 2 thin films [19, 31, 61] . The results of calculation of the orientation factor are shown in Table 1 . As follows from Table 1 , the growth texture of the layers is very high. For the samples deposited at T s ¼ 573 K, the orientation factor is f ¼ 4.4, while an increase in the substrate temperature to T s ¼ 673 K leads to a decrease of the orientation factor to 1.0. With further increases of T s to 723 K, the growth texture of the layers increases slightly to f ¼ 1.9. We previously observed a similar effect of substrate temperature on growth texture in the case of IIeVI films obtained by CSS [26] .
The values of lattice constants for the films obtained at different substrate temperatures, calculated by the NelsoneRiley method, are shown in Table 1 . It was established that the lattice parameters increase monotonically with increasing T s from 473 to 723 K. Lattice parameter a varies from 0.3637 to 0.3647 nm, while c varies from 0.5703 to 0.5743 nm. Experimentally calculated values of (a, c) for SnS 2 are in good agreement with the values presented in the database (COD) for single crystals (i.e. a ¼ 0.36380 nm, c ¼ 0.58800 nm). However, the value of the lattice constant c is slightly less than the value given by the reference data, which may be due to the presence of point defects in the crystal lattice caused Fig. 3 . XRD pattern of the powder and samples obtained at different substrate temperatures. 
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by the deviation from stoichiometry. Similar values of lattice constant were obtained in [15] for SnS 2 films deposited by the plasmachemical vacuum deposition method. The results of the determination of the CSD size in the films are presented in Table 1 . The calculations were performed for the directions perpendicular to the (001), (100), (002), and (100) crystallographic planes. Analysis of the obtained results shows that substrate temperature affects the CSD size in a complicated way. Namely, no trend between the substrate temperature and CSD sizes calculated for the directions perpendicular to the (001) and (002) crystallographic planes was observed. Moreover, the CSD size in the directions perpendicular to the (111) and (100) crystallographic planes was only slightly dependent on Ts. Similar values of the CSD size of 25.8 nm [by broadening the (111) line] were obtained for films obtained at the substrate temperature of 523 K. It could be concluded that there is no clear relationship between substrate temperature and the crystal quality of the samples, probably due to the combined effect of the random orientation of the crystallites and lattice defects in XRD patterns. Fig. 4 shows the Raman scattering spectra for the samples. It can be seen from Fig. 4 that the spectra of the samples obtained at different values of T s are almost identical. Raman analysis of the SnS 2 thin films confirmed the presence of SnS 2 with a peak at 314.5 cm À1 and a weak peak at 205.6 cm
À1
. According to theoretical [31] and experimental works [31, 32, 62] , these peaks of SnS 2 are related to the A 1g and E g modes, respectively. The FWHM of the peak dominating the A 1g mode was no more than 12 cm
, which indicates a high structural quality of the films. As only the A 1g and E g modes were detected, we can conclude that the obtained films have 2H structure of the SnS 2 polytype [62, 63] . Thus, these results confirm the data of the XRD study indicating that films have a single-phase hexagonal structure. In spite of the fact that traces of the Sn 2 S 3 phase were observed on XRD patterns, the Sn 2 S 3 -related modes were not detected by Raman spectroscopy. This can be explained by the fact that green laser excitation radiation (l ¼ 514 nm) was mostly adsorbed at the surface of SnS 2 , while Sn 2 S 3 phase probably formed near the substrate. The values of conductivity of the SnS 2 films determined in the ohmic region (low-voltage region) of the IeV curves are shown in Table 2 . As can be seen from [22, 64] where SnS 2 films were deposited by thermal vacuum evaporation, the conductivity of the samples 
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ranged from 10 À4 to 6 Â 10 À5 Om À1 ,cm
À1
. Also, values of conductivity similar to ours were obtained in the works [14, 16] . However, the conductivity of the samples is lower than the value of 1.37 Â 10 À1 Om
,cm À1 observed in [17] .
There are two or three linear sections with various slopes that are observed on the Arrhenius plot of conductivity (Fig. 5) . The angles of the slope generally decrease with the temperature of measurement. This behaviour is typical for the material that contains several types of donors with different activation energy [67] .
However, for samples obtained at T s ¼ 473 and 673 K, the linear sections wherein the slope to the reciprocal temperature axis increases with decreasing temperature of measurement. This phenomenon can be explained by the presence of acceptor centres along with the donor centres in SnS 2 films. Such a structure of charged defects is typical for compensated materials [68] whose properties are close to those of intrinsic semiconductors. The influence of compensation begins to manifest itself at lower temperatures when the concentration of electrons becomes close to the concentration of acceptor impurities. The slope of the Arrhenius plot of conductivity increases from the value of E a /2k up to the value of E a /k, making it possible to define the activation energy for electrically active centres.
The numbers of active centres with activation energies of .43 ), E а6 ¼ 0.55, and E а7 ¼ 0.62 eV were determined. The accuracy of the calculations does not exceed the value of kT~0
.02 eV. The summarized results of the obtained activation energies are shown in Table 2 . As follows from Table 2 , in SnS 2 films deposited at substrate temperatures of 473, 623, 673, and 723 K, the activation energies of donor centres are 0.25 and 0.26 eV. The same energies of the trap levels are observed in SnS 2 films obtained by vacuum thermal evaporation [22] and spray pyrolysis methods [14] .
In contrast to our results, in [39] wo activation energies were found: 0.20 eV in the temperature range of 300e365 K and 0.47 eV in the range of 365e400 K. In the paper [22] , the two-step activation process was also observed. The activation energy of the donors was 0.26 eV below 242 K and 0.47 eV above 242 K.
Typical IeV curves of the sandwich structures based on SnS 2 films are shown in Fig. 5 . Their shape was typical for SCLC mode. Additionally, the SCLC mode of current flow was confirmed using the procedure described in [69] . In the IeV characteristics in the high voltage range, several linear sections with different slopes to the V-axis, corresponding to IeV As shown elsewhere [52, 55] , the IS method allows one to obtain h(E) ¼ 1/e,dr/dE F eE F dependencies directly from the IeV dependencies. This method makes it possible to reconstruct the energy distribution of traps in the band gap of the material. The depth and concentration of the parameters of LSs were determined by the position of the maxima in the h(E) dependencies. For the processing of the experimental data we used the low-temperature approximation method of IS [52] . Simplified equations of the method that contained only the first [56] and both the first and second derivatives [54] were used. Some results of the reconstruction of the energy distribution of the energy traps in the samples using the simplifications proposed by Manfredotti [42] and Nespurek [54] are shown in Fig. 6 (aec) . . The results were checked by reconstruction of the IeV curve with the use of the defined values of E t and N t . The procedure of IeV curve reconstruction is described in [52] . An example of the reconstructed IeV curve is shown in Fig. 6(d) . As can be seen from this figure, the reconstructed curve is in good agreement with experimental data at a low voltage range, which confirms the results of our calculations. The difference between these curves at high voltages is associated with the possible presence of shallower LSs in the samples. These energy levels cannot be detected by the IS method and hence they were not considered in the reconstruction of IeV curves.
As mentioned above, it is difficult to identify the activation energies of the obtained traps and donor centres since there are no theoretical works related to the calculation of the formation and ionization energies of point defects in SnS 2 . We speculate that, analogously to S-rich SnS [42, 43] shallow states with activation energies of about 0.26 and 0.4 eV could be assigned to single-and double-charged interstitial Sn, while the deep centre of about 0.6 eV is related to the vacancy of sulfur.
Conclusions
In this paper, a comprehensive study of the structural and electrical properties of SnS 2 thin films was performed.
It was established that the tin disulfide films consist of plateletshaped grains. The average grain size varies in the range of 0.7e1.2 mm and depends on the substrate temperature. All layers were close to stoichiometric composition. Namely, the atomic concentrations of the compound components are 35 and 65% for Sn and S, respectively.
X-ray analysis shows that the films obtained in the temperature range of 473e723 K contained mostly the hexagonal phase of SnS 2 . 
